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Abstract
The right-handed neutrinos within the type-I seesaw mechanism can induce large radiative
corrections to the Higgs mass, and naturalness arguments can then be used to set limits
on their mass scale and Yukawa couplings. Driven by minimality, we consider the presence
of two degenerate right-handed neutrinos. We compare the limits from naturalness with
the ones from the stability of the electroweak vacuum and from lepton flavor violation.
Implications from neutrinoless double beta decay are also discussed and renormalization
effects for the light neutrino parameters are presented. Adding small perturbations to the
degenerate heavy neutrino spectrum allows for successful leptogenesis.
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1 Introduction
The journey of experimentally verifying the particle content of the Standard Model (SM) of
particle physics has finally been completed by the discovery of the Higgs boson in 2012 [1; 2].
This seems to clarify the origin of masses for all Standard Model (SM) particles. On the other
hand, the discovery of neutrino oscillations [3] and flavor conversion [4] require at least two
neutrinos to be massive, which cannot be explained in the SM and necessitate the existence
of new particles. It is therefore a potentially rewarding problem to investigate the connection
between neutrino mass and the Higgs sector of the SM. There are indeed several possible
non-trivial consequences of neutrino mass physics on the SM Higgs boson, such as
• Non-standard Higgs decays: These could be either into new particles that are implied by
models for neutrino mass or lepton mixing, or modified/new decays into SM particles;
see Refs. [5–18] for some examples.
• Vacuum stability: The couplings of the Higgs boson to new particles modify the renor-
malization group (RG) running of the Higgs self-coupling, and hence, the stability of the
electroweak vacuum as compared to that in the SM [19]; see for instance Refs. [20–41].
• Naturalness: Loop corrections to the Higgs mass are typically quadratic in the mass
of the heaviest particle in the loop, a property responsible for the hierarchy problem.
Thus, if some heavy particle responsible for neutrino mass couples to the Higgs boson,
it could also lead to unacceptably large contributions to the Higgs mass. This sets an
upper limit on the mass scale of the new particles associated to neutrino mass; see e.g.
Refs. [42–51].
In this paper, we focus on the latter two aspects, and study the impact of naturalness and
vacuum stability within a type-I seesaw model [52–56], where heavy right-handed neutrinos
are the new particles responsible for light neutrino masses. We will study here the most mini-
mal seesaw realization with only two heavy neutrinos [57–66]; for a review, see e.g. [67]. Thus,
one light neutrino is massless at the tree level. Further assuming the masses of the heavy
neutrinos to be (quasi)degenerate leaves us with 3 free parameters beyond the directly mea-
surable light neutrino parameters, namely the mass scale of the heavy right-handed neutrinos
plus one complex angle in the Casas-Ibarra (CI) parametrization [68]. We use naturalness
arguments to set limits on these parameters, which mostly constrain the new mass scale and
the imaginary part of the complex angle. These limits are compared with constraints from the
stability of the electroweak vacuum and from lepton flavor violation (LFV). We also study the
phenomenological implications of this scenario for neutrinoless double beta decay (0νββ) and
the RG evolution of the light neutrino parameters. In addition, we show that the observed
baryon asymmetry of the Universe (BAU) can be successfully explained, leptogenesis, for the
parameter values allowed by all other constraints, if small perturbations are added to the
heavy mass spectrum.
The rest of the paper is organized as follows: In Section 2, we review the minimal seesaw
model and set up our notation. In Section 3, we discuss the constraints obtained on the
model parameters from the naturalness criterion. In Section 4, we compare the naturalness
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constraints with those from electroweak vacuum (meta)stability and LFV. RG effects on the
light neutrino parameters are studied in Section 5. In Section 6, we focus on leptogenesis
aspects and conclude in Section 7.
2 The Minimal Seesaw Model
We consider the minimal type-I seesaw model with two heavy right-handed Majorana neutri-
nos NRj (with j = 1, 2), defined by the Lagrangian
−L = YνjlNRj φ˜†Ll +
1
2
NRjMjkN
c
Rk
+ H.c., (2.1)
where Ll = (νl , l)
T
L (with l = e, µ, τ) is the SU(2)L lepton doublet and φ˜ = iσ2φ
∗ (with σ2
being the second Pauli matrix and φ = (φ+ , φ0)T being the SM Higgs doublet). The sum over
repeated indices is implicitly assumed throughout, unless otherwise specified. We consider
the scenario in which the two heavy neutrinos are degenerate so that the heavy-neutrino
Majorana mass matrix is trivial: M = diag(MN ,MN ). In general, the neutrino mass matrix
in the (νL, N
c
R) basis can be written as
Mν =
(
0 mTD
mD M
)
. (2.2)
Here mD = v Yν/
√
2, where v is the vacuum expectation value (VEV) of the SM Higgs field
which in our convention is defined as 〈φ0〉 = v/√2 = 174 GeV. The mass matrix can be
diagonalized by a 5× 5 unitary matrix U0 as
UT0 Mν U0 = M
diag
ν = diag(m1,m2,m3,M1,M2) , (2.3)
with mass eigenvalues mi (i = 1, 2, 3) and Mj (j = 1, 2) for light and heavy neutrinos,
respectively. In our case, M1 = M2 = MN , m1 = 0 for the normal hierarchy (NH), and
m3 = 0 for the inverted hierarchy (IH). We can write U0 as [69–74]
U0 = W Uν '
( (
1− 12
)
U m†D(M
−1)∗UR
−M−1mDU
(
1− 12′
)
UR
)
≡
(
UL T
S UH
)
, (2.4)
where W is the matrix which block-diagonalizes the full 5× 5 neutrino matrix:
W T
(
0 mTD
mD M
)
W =
(
mlight 0
0 mheavy
)
. (2.5)
Here Uν = diag(U,UR) diagonalizes the mass matrices in the light and heavy sector appearing
in the upper and lower block of the block diagonal matrix, respectively, in Eq. (2.5). In our
case, UR = 1 and mheavy = M . The matrix UL in the upper left corner of Eq. (2.4) is the
new PMNS mixing matrix, which acquires a non-unitary correction over the original PMNS
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matrix U , which is the matrix that diagonalizes mlight. Finally,  and 
′ characterize the
non-unitarity and are given by
 = TT † = m†D
(
M−1
)∗
M−1mD ,
′ = SS† = M−1mDm
†
D
(
M−1
)∗
. (2.6)
The light neutrino mass matrix, in the limit M  mD, is given as
mlight = −mTDM−1mD . (2.7)
It proves very useful to introduce the Casas-Ibarra parametrization for the Yukawa coupling
matrix [68]:
Yν =
√
2
v
√
DN R
√
Dν U
† , (2.8)
where DN = diag(M1,M2), Dν = diag(m1,m2,m3), and R is an arbitrary 2 × 3 orthogonal
matrix. In the minimal seesaw model, the light masses are completely fixed by the measured
solar and atmospheric mass-squared differences:
m1 = 0, m2 =
√
∆m2s , m3 =
√
∆m2a , (NH)
m1 =
√
∆m2a, m2 =
√
∆m2a + ∆m
2
s , m3 = 0 . (IH)
(2.9)
The matrix U in Eq. (2.8) diagonalizing the light neutrino mass matrix mlight is parametrized
by three mixing angles θij (with i, j = 1, 2, 3; i 6= j), one Dirac phase δ and one Majorana
phase α:
U =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 diag(e−iα, e+iα, 1) , (2.10)
where cij ≡ cos θij , sij ≡ sin θij . For numerical purposes, we will use the 3σ ranges of the
mass-squared differences and mixing parameters from the global-fit of Ref. [75] and vary the
CP phases δ and α between −pi to +pi, unless otherwise specified.
From Eq. (2.8) we have
Rij =
(Yν U)ij√
Mimj
v√
2
, (2.11)
where j 6= 1 for NH and j 6= 3 for IH. We can parametrize the matrix R as
R =

(
0 cos z ζ sin z
0 − sin z ζ cos z
)
(NH)(
cos z ζ sin z 0
− sin z ζ cos z 0
)
(IH) .
(2.12)
Here z is a complex parameter and ζ = ±1, which however has no influence for our results;
so we will use ζ = +1 from now on.
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Figure 1: One-loop correction to the Higgs mass from neutrino Yukawa couplings due to the heavy neutrinos.
The line inside the loop shows the orientation of lepton number.
3 Constraints from Naturalness
We will discuss in this section the implications of the type-I seesaw from naturalness; see also
Refs. [42; 46]. The potential of the SM Higgs boson at tree level can be written as
V = −µ2(φ†φ) + λ(φ†φ)2 , (3.1)
from which the physical Higgs mass is given as m2h = 2λv
2. Heavy right-handed neutrino
loop corrections to the electroweak µ parameter are desired to be smaller than O(TeV2) for
naturalness of the Higgs mass. The relevant diagram is shown in Fig. 1. Using the MS scheme
and taking the quantity (ln[
Mj
µR
]− 12) to be unity (where µR is the renormalization scale), the
correction is given as
δµ2 ≈ 1
4pi2
Tr[Y †νD
2
NYν ] . (3.2)
Now using the CI parametrization from Eq. (2.8), we get the simple relation
δµ2 ≈ 1
4pi2
2
v2
Tr[DνR
†D3NR] =
M3N
2pi2 v2
cosh (2 Im[z])×
{
(m2 +m3) (NH)
(m1 +m2) (IH)
(3.3)
Note that the real part of the complex angle z in the CI parametrization does not appear in
Eq. (3.3). The PMNS mixing angles and CP phases also drop out in this expression. In the
following discussion, the only relevant free parameters will therefore be MN and Im[z]. Also
note that for a given choice of Im[z], the correction in case of NH is about half the size of
that in IH.
In Figure 2 we show the regions in the Im[z]–MN plane corresponding to different upper
limits of δµ2 ranging from (5 TeV)2 down to (0.01 TeV)2 for both NH and IH. The areas to
the right of the shaded regions are thus disfavored from the condition of naturalness. From
Figure 2, we see that the larger Im[z] is, the smaller the allowed value of MN becomes.
For instance, demanding δµ2 < (1 TeV)2 implies MN < 2.7 × 107 GeV for Im[z] = 0 and
MN < 1.2 × 106 GeV for Im[z] = 5. Similarly, demanding δµ2 < (0.01 TeV)2 implies
MN < 1.2 × 106 GeV for Im[z] = 0 and MN < 5.6 × 104 GeV for Im[z] = 5. In what
follows, we will often use characteristic example values, corresponding to the maximal values
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Figure 2: Naturalness contours in the Im[z]–MN plane. The left (right) plot is for NH (IH). In the colored
shaded regions, δµ2 is demanded to be below (p% of 1 TeV)2, where p = 500, 100, 50, 20, 10, 5, 1 (from top
to bottom). The unshaded regions are disfavored by naturalness.
of Im[z] for a given MN . These are, for δµ
2 < (1 TeV)2, Im[z] = 8.75 at MN = 10
5 GeV and
Im[z] = 11.17 at MN = 2× 104 GeV.
We should mention here that the naturalness constraints discussed above could in principle
be relaxed if nature was supersymmetric at some scale below ∼ 107 GeV. For instance, there
are additional corrections to the Higgs mass from sneutrino loops which could in principle
cancel those from RH neutrinos, if they have similar masses. However, we do not discuss this
possibility here, simply because we are driven here by the minimality of the seesaw model.
4 Comparison with other bounds
In this section we compare the constraints from naturalness obtained in Section 3 with those
obtained from metastability of the electroweak vacuum (see Section 4.1) and with phenomeno-
logical limits arising from LFV (see Section 4.2). We also discuss implications for lepton
number violating processes, such as 0νββ (see Section 4.3).
4.1 Bounds from Metastability
We discuss in this section the constraints on the Yukawa coupling Yν and the heavy neutrino
mass MN arising from metastability of the electroweak vacuum. The relevant RG equations
can be found, e.g. in Refs. [28; 40] and are not repeated here. We just note here that the RG
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Figure 3: Running of the SM Higgs quartic coupling λ for NH (left panel) and IH (right panel) in the minimal
seesaw model. The red solid line corresponds to the SM running, while the blue dotted line corresponds to
the SM + heavy neutrino contribution for MN = 10
5 GeV. For this mass
(
Tr[Y †ν Yν ]
)1/2
= 0.066 is small
and hence it almost overlaps with the SM line. In the inset both lines are shown with magnified view. For
MN = 2×104 GeV the maximal allowed trace value is larger,
(
Tr[Y †ν Yν ]
)1/2
= 0.328, hence the effect is sizable
and the corresponding pink line is visibly separated from the SM one.
equations depend on the quantities
Tr(Y †ν Yν) =
2
v2
Tr
[
R†DNRDν
]
=
2
v2
MN cosh (2 Im[z])×
{
(m2 +m3) (NH)
(m1 +m2) (IH)
(4.1)
Tr(Y †ν YνY
†
ν Yν) =
4
v4
Tr
[
(R†DNRDν)2
]
=
4
v4
M2N ×

[
(m22 +m
2
3) cosh
2 (2 Im[z]) + 2m2m3 sinh
2 (2 Im[z])
]
(NH)[
(m21 +m
2
2) cosh
2 (2 Im[z]) + 2m1m2 sinh
2 (2 Im[z])
]
(IH)
(4.2)
In Figure 3 we show the running of the quartic coupling λ as a function of the renormalization
scale µR. We have chosen here and in the following the Higgs mass mh = 126 GeV, the
top quark mass mt = 173.2 GeV and the strong coupling constant as αs = 0.1184 at the
electroweak scale. The dashed horizontal line in Figure 3 shows the absolute stability condition
for the vacuum, i.e. λ > 0 for all µR. While for sizable part of parameter space λ < 0
is reached, it is however possible to find regions where the vacuum is metastable, i.e., the
lifetime of the vacuum remains higher than the age of the Universe. Adopting a semi-classical
approach, the tunneling probability at zero temperature can be written as [76–79]
p = max
µ<Λ
VU µ
4 exp
(
− 8pi
2
3|λ(µ)|
)
, (4.3)
where Λ denotes the cutoff scale and VU represents the volume of the past light-cone which
goes as τ4, with τ = 4.35 × 1017 sec being the age of the Universe [80]. Metastability of the
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vacuum implies p < 1, which in turn puts a lower bound on λ as
|λ| < λmaxmeta =
8pi2
3
1
4 ln (τµ)
. (4.4)
We choose µ in Eq. (4.3) as the scale at which λ becomes most negative. This constraint is
shown by the slanting dashed line in Figure 3.
The red solid line in Figure 3 shows the running of λ in the SM. The blue dashed line and
the pink solid line show the running of this quantity in the minimal seesaw model considered
here for two representative values of MN . The blue dashed line is for MN = 10
5 GeV for which
the maximum value of Im[z] allowed by naturalness is 8.75 [cf. Figure 2 and Eq. (4.1)]. With
this value of Im[z], (Tr[Y †ν Yν ])1/2 is found to be 0.085 and results only in a small difference
with respect to the running in the SM. In the inset we show a magnified version of the region
in µR where the stability limit is crossed for the SM and the minimal seesaw cases. It is
clear from the inset that the stability is lost at a lower renormalization scale for the minimal
seesaw model. The pink solid line shows the running of λ for a lower value of MN = 2× 104
GeV. This implies a higher maximum allowed value of Im[z] = 11.17 for both NH and IH,
and hence, implies a larger (Tr[Y †ν Yν ])1/2 = 0.423. In this case the difference with respect to
the SM running is clearly visible and the stability is lost earlier. However, in both cases the
metastability bound remains satisfied.
The metastability condition can be used to impose an upper bound on Tr[Y †ν Yν ] from the
running of λ as a function of the heavy neutrino mass MN . This is shown by the red-dashed
line in Figure 4 for both NH (left) and IH (right). The area below this curve is allowed from
the metastability condition. This figure also shows the allowed region satisfying the condition
of perturbativity (Tr[Y †ν Yν ] ≤ 4pi), which is shown by the green solid line. The perturbativity
bound is seen to be weaker than the metastability bound. For comparison, we also show the
bound obtained from the naturalness criterion δµ2 < (p TeV)2 with p = 5, 1, 0.2, as shown by
the orange, blue and pink dotted lines respectively, where the area to the left of these lines
is preferred by naturalness. Figure 4 also contains bounds coming from LFV considerations
(see Section 4.2). Figure 5 shows the same constraints in the parameter space of Im[z] and
MN .
We find that for heavy neutrino masses larger than about 104 GeV, naturalness provides
the strongest constraint on the minimal seesaw scenario.
4.2 Lepton Flavor Violation
The strongest LFV bound on the minimal seesaw scenario comes from the branching ratio
for muon decay, µ→ eγ, which is given by [81–83]
Br (µ→ eγ) = 3αe
8pi
∣∣∣TeiT †iµf(xi)∣∣∣2 , (4.5)
where αe ≡ e2/4pi is the fine-structure constant, xi =
(
M2i
m2W
)
and
f(x) =
x
(
1− 6x+ 3x2 + 2x3 − 6x2 lnx)
2(1− x)4 (4.6)
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Figure 4: Bounds on
(
Tr
[
Y †ν Yν
])1/2
from metastability (red dashed), naturalness (blue dotted), LFV (dark
red dot-dashed) and perturbativity (green solid).
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Figure 5: Bounds on Im[z] as a function of MN , with the same notation as in figure 4.
is a slowly varying function of x ranging from 0 to 1 for x ∈ [0,∞]. The elements of the
matrix T denote the light-heavy mixing which is responsible for the non-unitarity of the
lepton mixing matrix. In our scenario, T = m†D(M
−1)∗UR [cf. Eq. (2.4)], and mD is given in
terms of the CI parametrization which introduces a dependence on the PMNS matrix. The
result for
∣∣∣TeiT †iµ∣∣∣2 is a lengthy expression including the PMNS matrix elements, light and
heavy neutrino masses, as well as z, which is solved numerically. The resulting branching
ratio has to be confronted with the latest experimental limit [84] of
Br (µ→ eγ) < 4.2× 10−13 . (4.7)
The LFV constraints on Im[z] and MN , are displayed in Figure 5. In obtaining this, we
vary the light neutrino mass and mixing parameters within their 3σ allowed range, the phases
in the range 0− 2pi and take the extreme value that gives maximum disallowed region. The
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constraints on z can be translated into constraints on Tr([Y †ν Yν ])1/2 [cf. Eq. (4.1)], which
are shown in Figure 4. Comparing with the naturalness, metastability and perturbativity
constraints, we find that in the case of NH, LFV provides the strongest limits for relatively
small heavy neutrino masses up to MN ∼ 1 TeV, then metastability takes over for a short mass
range, before naturalness imposes the strongest constraint on the minimal seesaw scenario.
In the IH case, the situation is very similar, but for a given MN , the constraint from LFV on
the Yukawa couplings is slightly stronger in the IH case than in the NH case. This can be
understood from the expression xeµ ≡
∣∣∣TeiT †iµ∣∣∣2, which is larger for the IH case. In order to see
it analytically, the lengthy formulas can be shortened in the limit of sin2 θ13 = 0, sin
2 θ23 =
1
2
and sin2 θ12 =
1
3 , and one finds
xNHeµ ≈
2∆m2a
M2N
(
cosh2(2 Im[z])
)
, (4.8)
xIHeµ ≈
2∆m2a
M2N
(
sinh2(2 Im[z]) +
1
9
cosh2(2 Im[z])
)
, (4.9)
which illustrates that xeµ is typically larger in the IH case for Im[z] & 1.
4.3 Neutrinoless double beta decay
Surprisingly, even for rather low values of the right-handed neutrino masses, neutrinoless
double beta decay (0νββ) [85] does not provide significant constraints in our scenario. The
half-life for 0νββ in presence of heavy Majorana neutrinos is given by (see e.g. Refs. [86–91])
1
T 0ν1/2
= G
|Mν |2
m2e
∣∣∣∣U2eimi + 〈p2〉T 2eiMi
∣∣∣∣2 , (4.10)
where G denotes the phase space factor and 〈p2〉 = −mempMN/Mν , whose magnitude
is typically of order (100 MeV)2. Here Mν and MN denote the nuclear matrix elements
corresponding to light and heavy neutrino exchange, respectively. Using the general expression
of T = m†D(M
−1)∗UR from Eq. (2.4) and Yν from Eq. (2.8), we can write
∑
i T
2
ei/Mi =∑
i U
2
eimi/M
2
N , where MN is the degenerate heavy neutrino mass. Substituting this in Eq.
(4.10), we find that the heavy-neutrino exchange contribution is suppressed by a factor of
〈p2〉/M2N , as compared to the light neutrino exchange contribution; see also Refs. [92–94].
For heavy neutrino masses even as low as 100 GeV, the contribution of those to the 0νββ
half-life is therefore negligible. The contribution of light neutrinos is given by the usual
expressions for a vanishing smallest neutrino mass, see e.g. Ref. [85].
We should note here that electroweak-scale heavy neutrinos in the minimal seesaw can also
be constrained from the LHC data using either the same-sign dilepton plus dijet channel (for
scenarios with large lepton number violation) or opposite-sign dilepton or trilepton channels
(for suppressed lepton number violation); for a review, see e.g. [95]. However, the current
collider constraints turn out to be weaker than the other constraints shown in Figure 4 for
the range of heavy neutrino masses considered here.
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Figure 7: Running of sin2 θ12 with the renormalization scale for NH and IH. The plots correspond to the
central value of sin2 θ12, all other parameters are varied in their 3σ ranges.
5 Running of Light Neutrino Parameters
In this section we discuss the RG evolution effect on light neutrino parameters in the context
of the natural seesaw scenario considered in this work. We follow the procedure described in
Ref. [96].
Starting with low energy parameters, the running of light neutrino parameters [97] is
governed by the effective dimension-5 operator
Leff = 1
4
(
lCL  φ
)
κ
(
φT T lL
)
+ H.c., (5.1)
where κ = 2Y Tν M
−1
R Yν = 4mν/v
2. When the energy scale of the heavy neutrino masses is
reached, different RG equations of the full renormalizable theory have to be considered [98],
and threshold effects can be important. We solve the evolution equations numerically taking
into account the threshold effect at the mass scale of the degenerate neutrinos. In our analysis
11
 0.558
 0.56
 0.562
 0.564
 0.566
 0.568
 0.57
 0.572
 0.574
 0.576
102 104 106 108 1010 1012 1014 1016 1018
sin
2 θ
23
µR(GeV)
NH
 0.558
 0.56
 0.562
 0.564
 0.566
 0.568
 0.57
 0.572
 0.574
 0.576
102 104 106 108 1010 1012 1014 1016 1018
sin
2 θ
23
µR(GeV)
IH
Figure 8: Running of sin2 θ23 with the renormalization scale for NH and IH. The plots correspond to the
central value of sin2 θ23, all other parameters are varied in their 3σ ranges.
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Figure 9: Running of sin2 θ13 with the renormalization scale for NH and IH. The plots correspond to the
central value of sin2 θ13, all other parameters are varied in their 3σ ranges.
for this subsection, we take MN = 1.32 × 104 GeV for which the maximum allowed value of
Im[z] is 11.797 (11.544) for NH (IH).
Figure 6 shows the running of the solar and atmospheric mass-squared differences ∆m2s ≡
m22 −m21 and ∆m2a ≡ m23 −m22 for NH and m21 −m23 for IH. The figures show that the mass
parameters do not run much. This is expected since the running of the masses is proportional
to the masses themselves and it is well known that for hierarchical neutrinos the running is
not very significant [97].
Figure 7 shows the running of the mixing angle sin2 θ12 for NH and IH. Note that due to
the presence of threshold effects the running is not unidirectional and while running from low
to high scale the value of the mixing angle can either increase or decrease [96]. The figure
shows the maximum running of this angle in both directions by varying all the oscillation
parameters in their allowed 3σ range and both CP phases in the range −pi to +pi. It is
seen that although the high-scale value can be lower or higher than the low scale value the
12
dispersion due to RG effects is not large.
Figure 8 shows the running of the mixing angle sin2 θ23 for NH and IH. We take the
low scale value to be in the higher octant, θ23 > pi/4. The running for NH can be in both
directions due to the threshold effect and we show the maximum and minimum amount of
running obtained by varying the parameters in their 3σ ranges. Note that even after running,
the octant does not change between low and high scale. For IH, sin2 θ23 does not run as the
running is proportional to m3 which is zero in our model. This is also true for sin
2 θ13 and
this is reflected in the right plot of figure 9 which shows the running of sin2 θ13 for IH. For NH,
again due to threshold effects the high scale value can be lower or higher than the low-scale
value.
The RG running discussed above will be somewhat modified for the non-degenerate and/or
3 RH neutrino case. However, we expect our results to be valid to, say 0.005 eV for the
smallest neutrino mass, beyond which typical enhancement factors of RG running as in Table
2 of Ref. [97] will apply. Making the RH neutrinos non-degenerate makes the RG running
essentially unpredictable unless one specifies exactly their masses. This also takes us beyond
the minimality, which is the main topic of this paper.
6 Leptogenesis
A cosmological consequence of the type-I seesaw mechanism is that the CP -violating decays
of the heavy Majorana neutrinos can explain the observed BAU by the mechanism of leptoge-
nesis [99]. However, the naturalness and other constraints discussed in Section 4 (see Figure 5)
disfavor [46] standard thermal leptogenesis, which requires MN & 109 GeV [100; 101]. As
we will show in this section, resonant leptogenesis (RL) [102–104] is a viable alternative to
explain the observed BAU in the minimal natural seesaw.
In the RL mechanism, a small mass splitting ∆MN between the two heavy neutrinos
of the order of their average decay width ΓN leads to the resonant enhancement of the ε-
type CP asymmetry [103]. A minimal way to motivate the quasi-degeneracy between the
heavy neutrinos is by radiative effects [105–107], starting from a degenerate spectrum at
some high scale [108–110]. However, this minimal scenario is not viable here, as the leptonic
CP asymmetry vanishes identically at O(Y 4ν ) [111]. To avoid this no-go theorem, one needs
to include a new source of flavor breaking mass splitting in the heavy-neutrino sector, which
could in principle be motivated from the approximate breaking of some flavor symmetry in
the leptonic sector. Here we simply assume this to be the case and choose the mass splitting
∆MN ' ΓN/2 to maximize the CP asymmetry, without investigating the details of how this
could be generated in a concrete flavor model. The only relevant effect of this small splitting
is within leptogenesis.
The flavored CP asymmetry due to heavy-neutrino mixing is given by (see e.g. Ref. [110])
εmixil =
∑
j 6=i
Im
[
YνilY
∗
νjl
(YνY
†
ν )ij
]
+ MiMj Im
[
YνilY
∗
νjl
(YνY
†
ν )ji
]
(YνY
†
ν )ii(YνY
†
ν )jj
fmixij , (6.1)
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with the regulator given by
fmixij =
(M2i −M2j )MiΓj
(M2i −M2j )2 +M2i Γ2j
, (6.2)
where Γi = (Mi/8pi)(YνY
†
ν )ii is the tree-level heavy-neutrino decay width. There is a similar
contribution εoscil to the CP asymmetry from heavy-neutrino oscillations [110; 112], which
is formally at O(Y 4ν ), different from the O(Y 6ν ) effect for GeV-scale seesaw as considered in
Refs. [113–115]. Its form is given by Eq. (6.1) with the replacement fmixij → foscij , where [110;
112]
foscij =
(M2i −M2j )MiΓj
(M2i −M2j )2 + (MiΓi +MjΓj)2
det
[
Re(YνY
†
ν )
]
(YνY
†
ν )ii(YνY
†
ν )jj
. (6.3)
The total CP asymmetry is thus given by εil = ε
mix
il + ε
osc
il .
After solving the relevant flavored Boltzmann equations and taking into account the ap-
propriate efficiency and dilution factors (for details, see e.g. Refs. [109; 110; 116]), the final
BAU ηB ≡ nB/nγ (where nB, nγ are the number densities of baryons and photons today) can
be written analytically as
ηB ' −28
51
1
27
3
2
∑
l,i
εil
Keffl min(zc, zl)
, (6.4)
where zc = MN/Tc, Tc ∼ 149 GeV being the critical temperature below which the sphaleron
transition processes freeze-out [117; 118], zl ' 1.25 log(25Keffl ) [109] and
Keffl = κl
∑
i
KiBil . (6.5)
Here the K-factors are defined by Ki = Γi/HN , where HN = 1.66
√
g∗M2N/MPl is the Hubble
rate at temperature T = MN , MPl = 1.22×1019 GeV is the Planck mass and g∗ ' 106.75 are
the relativistic degrees of freedom at that temperature. In Eq. (6.5), Bil’s are the branching
ratios of the Ni decay to leptons of the lth flavor: Bil = |Yνil |2/(YνY †ν )ii. Finally, the κ-factor
in Eq. (6.5) includes the effect of the real intermediate state subtracted collision terms:
κl = 2
∑
i,j (j 6=i)
Re
[
YνilY
∗
νjl
(Y Y †)ij
]
+ Im
[
(YνilY
∗
νjl
)2
]
Re [(Y †Y )ll{(Y Y †)ii + (Y Y †)jj}]
(
1− 2iMi −Mj
Γi + Γj
)−1
. (6.6)
Using Eq. (6.4) and the CI parametrization (2.8) for the Yukawa couplings, we calculate
the BAU as a function of the average heavy-neutrino mass and the CI parameter Im[z].
Here we have assumed Re[z]=0 for simplicity, since the naturalness discussion is unaffected
by this choice. The result is shown in Figure 10 for NH. The brown shaded region cannot
reproduce the BAU within 3σ of the measured value: ηobsB = (6.04± 0.08)× 10−10 [80], either
in magnitude or in sign, and is therefore disfavored. On the other hand, in the white region
below it, there always exists a suitable combination of the hitherto unknown CP phases δ and
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Figure 10: Leptogenesis constraints on the minimal seesaw parameter space. The region above the brown
shaded region cannot reproduce the correct BAU (either in magnitude or in sign). For comparison, the
naturalness constraints [cf. Figure 5] are also shown for δµ2 < (p TeV)2, where p = 5 (orange), 1 (blue) and
0.2 (magenta), the shaded regions being disfavored.
α (see Figure 11 below) which can reproduce the observed BAU. Note that the BAU constraint
is almost independent of Im[z] for MN & 1 TeV. For lower masses closer to the electroweak
scale, the observed asymmetry requires a larger value of Im[z]. As we go below the critical
temperature Tc for sphaleron transitions, the conversion efficiency for the lepton-to-baryon
asymmetry drops exponentially.
Comparing this result with the other constraints shown in Figure 5, we find that the
leptogenesis constraints are more stringent up to MN . 2 × 106 GeV, beyond which the
naturalness constraint δµ2 < (1 TeV)2 (which excludes the blue shaded region) takes over.
For smaller (larger) values of (δµ2)max, the naturalness constraint will be stronger (weaker),
as illustrated in Figure 10 for δµ2 < (p TeV)2 with p = 0.2 (magenta) and 5 (orange),
respectively.
To illustrate the point that in the unshaded region of Figure 10, there always exists a
suitable combination of the CP phases to reproduce the correct BAU, we have plotted the
contours of correct BAU as a function of these phases in Figure 11. Here we have fixed MN = 1
TeV, Im[z]=0.3 and the other PMNS parameters at their NH best-fit values for illustration.
Similar plots can be produced for any other allowed values of MN and Im[z]. Note that a
future measurement of the Dirac CP phase δ with sufficient precision would imply that for a
given set of values for the minimal seesaw parameters MN and Im[z], there exist only a finite
number of choices for the Majorana phase α that could explain the observed BAU. One can
derive similar conclusions for the IH case.
7 Conclusion
We have studied the implications of naturalness on the parameter space of a minimal type-I
seesaw model. We have considered two degenerate heavy right-handed neutrinos and evalu-
ated their correction to the Higgs mass parameter, obtaining thereby naturalness constraints
on the heavy neutrino mass and Yukawa couplings. We have compared these bounds with
15
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Figure 11: Contours of the correct BAU as a function of the low energy CP phases. Here we have fixed
MN = 1 TeV and Im[z]=0.3.
constraints stemming from the stability of the electroweak vacuum. Lepton flavor violation
constraints from the decay µ→ eγ are also important for heavy neutrino masses below TeV
range, whereas naturalness provides stronger constraints for masses above 104 GeV or so.
Metastability provides important limits in the intermediate regime.
In the allowed parameter space we have furthermore studied the effect on the RG evolu-
tion of neutrino mass and mixing parameters. Although the running shows the hallmark of
threshold effects with some of the mixing angles showing bi-directional running from low to
high scale depending on the parameters, in general due to the hierarchical nature of the light
mass spectrum the running is not very significant.
We have also discussed the possibility of successful leptogenesis in this model. This is
achieved by introducing a small mass splitting between the two heavy neutrinos comparable
to their decay width. In this scenario, we find that leptogenesis provide the most stringent
constraints for heavy neutrino masses below 106 GeV or so, while naturalness constraints are
stronger for higher masses.
The model considered here represents the most economic seesaw scenario in terms of par-
ticle content that can be consistent with observed neutrino masses in oscillation experiments,
naturalness, metastability of the electroweak vacuum, lepton flavor violation and leptogenesis.
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